INTRODUCTION
INTRODUCTIONPLANNING AND REALISATION OF THE SOLAR ESTATE, SOLARSIEDLUNG FREIBURG
The architect Rolf Disch is a pioneer of building with the sun. From 1999 to 2006, he built his solar estate of plus-energy houses ® on the Schlierberg hill in Freiburg.
The city of Freiburg in the South-West of Germany is one of the sunniest places of the countrylat. 48°, longitude 7,5°, annual total irradiation about 1.100 kWh/m 2 , average temperature 10°C. The estate is located three kilometres south of the historic centre, bordering directly on the suburb called Vauban. This former barracks area has been a test ground for sustainable, ecological construction since the 1990s. On the ex-sports gounds of the barracks area Disch planned a holistic, sustainable estate with plus-energy houses being one of the major components in a set of measures including advanced water management and mobility concepts. Due to fi nancial circumstances, the initial planning had to be reduced and only the Northern half of the planned settlement was realised.
By now about 170 residents live in the 59 terrace houses, nine of them are placed on the roof of the sun ship, a commercial block of offi ces and shops acting as a noise barrier to the nearby main road. The terrace houses are of different widths and extend over two or occasionally three storeys, so that the living areas vary from 75 to 200 m 2 . In accordance with classic solar building principles, the living/dining rooms and bedrooms are to the south, access is in the centre and the service zones on the northern side include kitchens, bathrooms and building services.
ENERGY MONITORING
Goal of the monitoring is a full balance for the consumption of the 50 ground-based terrace houses, with heating and electricity on the demand side and solar electricity generation on the generation side (energy credits). This is possible with conventionally 
INTEGRATED URBAN PLANNING
The orientation and housing density on the estate were designed to take account of living quality, unobstructed solar radiation on the photovoltaic roofs throughout the year, summer shade and winter sun on the southern façades on the one hand, and expensive land on the other. An example of suitable tools for this planning phase is illustrated by Fig. 3 , taken from a study made during the course on A whole article could be devoted solely to the subject of orientation of ultra low-energy houses. Deviations from a southern orientation by up to 45° do not reduce the winter solar gains from southern façades signifi cantly. As will be demonstrated later, other effects predominate.
THE PATH TOWARDS NET ZERO ENERGY
Designed as ultra low energy houses (so-called passive houses), the houses consume very little energy. Only this small remaining amount of energy can be balanced by the photovoltaic yields from the roofs. This high energy-effi ciency on site reduces the consumption of renewable energy and the requirements on transport and storage of energy in grids (low mismatch factor).
The low consumption results from a whole group of measures: The compact houses were built in compliance with the passive house standard. The high insulation standard-the average U-value for the building envelope is 0.28 W/(m 2 K)-together with effi cient ventilation heat recovery are fi rst keys to low consumption. Electricity-saving appliances and appropriate user behaviour reduced the domestic power consumption. Water-saving tap fi ttings were installed. Finally, all of the houses on the estate are connected to a local heating network supplied by cogeneration from a combined heat and power plant operating with woodchips and natural gas.
Compared to heat, electricity is a high-quality form of energy (100% exergy). Taking the different exergy potential into account balances with electricity and heat are thus regarded at the primary energy level, with the consumed end energy being weighted with the relevant primary energy factor. As an example, German standards weight wood with a factor of 0.2, heating oil and gas with a factor of 1.1 and electricity with a factor of 2.7 2 thereby considering the non-renewable part of the primary energy only. The primary energy factor for electricity refl ects the regional or national power system with its energy sources and effi ciency.
The average house was defi ned from the data for the monitored estate (Table 2): • 2.9 inhabitants, • 138 m 2 heated living area, • 50 m 2 photovoltaic system with 6.4 kW P rated power, i.e. 0.36 m 2 photovoltaic area with 46 W P rated power per m 2 heated living area.
The average house of the Solarsiedlung Freiburg has a primary energy balance of +36 kWh/(m 2 a). work with its share of wood as the fuel, the consumption decreases to 79 kWh/(m 2 a) 5 compared to 100% gas fi red heating. e. This low consumption is then to be compensated with a credit of 79 kWh/(m 2 a) primary energy for photovoltaically generated electricity, the remainder is the positive primary energy balance of 36 kWh/m 2 a on average. To compensate the consumption of the average house according to the current German standard, twice as much electricity would have to be generated. The roof area of the existing terrace houses would be too small to install the necessary photovoltaic modules.
In scenarios with a wider scope, compensation is also achieved by feeding heat into heating networks or with credits from CO 2 emissions trading. In this case, the proposal is to take the building to defi ne the system boundary for the balance.
DIFFERENCES AND LIMITATIONS
The balance for the average house of the estate is positive, but individual houses deviate from this positive average balance ( Figure 5 , Table 2 ). In some cases, the ratio of living area to photovoltaic area is unfavourable, as there are a few three-storey houses, which have relatively less roof area for the photovoltaic system (0.22 m 2 instead of the average of 0.36 m 2 PV/heated living area). Some terrace houses are at the end of a row and thus consume more heating energy. The lower ratio of roof area to living area with higher buildings already indicates that there are limits to the energy concept that underlies the Solarsiedlung Freiburg. Other solutions will be required for such buildings.
Furthermore, the user behaviour is decisive for the energy balance of optimised buildings. This infl uence is averaged out in an estate with similar types of houses.
THE SIGNIFICANCE OF USER BEHAVIOUR
Typical for lowest-energy houses: In the Solarsiedlung Freiburg, only less than30% of the primary energy is consumed for heating and hot water, but about 70% for electricity. This indicates the potential for energy-saving appliances (class A++) and appropriate user behaviour. The determined electricity consumption on the estate is somewhat lower than the German average. However, there is still considerable potential for reducing it further.
NET ZERO ENERGY AND THE GRID
In contrast to energy-autonomous buildings, which supply sufficient energy to meet their own consumption at any given time, only an annual average balance of zero is intended for zero-energy houses. Zero-energy houses are not energy-autonomous, they feed energy-photovoltaically generated electricity in this case-into the grid and draw electricity from the grid for in-house consumption. 7 The problem of storing energy within the house, particularly on a seasonal scale, is transferred to the grid. On the one hand, this makes the concepts feasible, but on the other hand they can become non-credible, if a very large imbalance has to be compensated to the detriment of the grid (mismatch). The concept that has been introduced in Germany by the electricity feed-in law for crediting photovoltaically generated electricity favours feeding in all of the generated electricity over meeting the household demand locally fi rst.
QUESTIONS REMAINING
National and international agreement on the methodology for determining zero energy balances has not yet been achieved. At present, the system boundaries and scope are defi ned differently, depending on standards, calculation tools, funding programmes or available meters. In order to determine consumption rather than demand balances, we favour complete acquisition of information on the consumer side, including the consumption for appliances and lighting. The effect of the political framework on balances can be illustrated by the evaluation of wood as a fuel, which can be regarded as renewable only under certain conditions. As it is not unconditionally sustainably available, its weighting with the favourable primary energy factor of 0.2 is questionable on the long term. The same applies for electricity bonuses, which are determined according to the current national electricity scenario. If the trend toward a higher proportion of grid electricity from renewable FIGURE 6. Distribution of the consumed primary energy for electricity, space heating and domestic hot water for the average house. The electricity consumption dominates the balance. The share of the total heat consumption that is allocated to domestic hot water was calculated according to the German VDI standard 3807. The hot water consumption is now being measured. FIGURE 7. Time-dependent profi les for consumption and generation, taking one house as an example. Consumption data are plotted as negative values, generation data as positive values. The common measure is the primary energy. The seasonal imbalance is evident when monthly averages are considered. vi sources continues or even accelerates, the bonus per fed-in kWh will fall.
Nevertheless, the balance presented here for the Solarsiedlung Freiburg proves in practice that the zero-energy goal is already feasible today.
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